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ABSTRACT 

Stars do not form continuously distributed over star forming galaxies. They form in star 
clusters of different masses. This nature of clustered star formation is taken into account in the 
theory of the integrated galactic stellar initial mass function (IGIMF) in which the galaxy-wide 
IMF (the IGIMF) is calculated by adding all IMFs of young star clusters. For massive stars the 
IGIMF is steeper than the universal IMF in star clusters and steepens with decreasing SFR which 
is called the IGIMF-effect. The current SFR and the total Ha luminosity of galaxies therefore 
scale non-linearly in the IGIMF theory compared to the classical case in which the galaxy-wide 
IMF is assumed to be constant and identical to the IMF in star clusters. We here apply for the 
first time the revised SFR-Lh q relation on a sample of local volume star forming galaxies with 
measured Ha luminosities. The fundamental results are: i) the SFRs of galaxies scale linearly 
with the total galaxy neutral gas mass, ii) the gas depletion time scales of dwarf irregular and 
large disk galaxies are about 3 Gyr implying that dwarf galaxies do not have lower star formation 
efficiencies than large disk galaxies, and iii) the stellar mass buildup times of dwarf and large 
galaxies are only in agreement with downsizing in the IGIMF context, but contradict downsizing 
within the traditional framework that assumes a constant galaxy- wide IMF. 



Subject headings: cosmology: observations 
— stars: formation 

1. Introduction 

The determination of accurate current star for- 
mation rates (SFRs) is of fundamental importance 
for the understanding and investigation of the pro- 
cesses relevant for star formation and galaxy evo- 
lution. A commonly used tracer to calculate the 
current SFR of galaxies is the measurement of the 
Ha emission line which is linked to the presence 
of short-lived massive stars. 

The standard way to construct relations be- 
tween the total Ha luminosity and the total SFR 
of a galaxy is to apply on galaxy-wide scales 
an invariant stellar initial mass functio n (IMF) 



galaxies: evolution — galaxies: fundamental parameters 



which is determined in star clusters (eg. Kennicutt 
1983tlGallagher et alJll984 iKennicutt et alJ ll994: 



galaxy-wide IMF is treated to be constant and in- 
dependent of the SFR. 

A basic result of SFR studies is that SFR/M gas 
decreases with decreasing total neutral gas mass, 
M gas . Low-gas- mass (dwarf irregular) galaxies 
turn their gas into stars over much longer time 
scales than high-gas-mass (large disk) galaxies (eg . 
Skillman et alj2003llKarachentsev fc Kaisid200ft 
Kaisin fc Karachentsevl 20081 ). That dwarf galax- 
ies have lower star-formation efficiencies, defined 
as t~ & 1 — SFR/M gas , than massive galaxies has 
been a generally accepted fact at the base of most 
theoretical work on galaxy evolution. 

But in the last years it has been shown that the 



Kennicuttlll998allbh . This method provides a lin- 
ear SFR-L Hq relation as long as the assumed 
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stead, the galaxy-wide IMF has to be calculated by 
adding all IMFs of all young star clusters leading 
to an integrated galactic stellar initial mass func- 
tion (IGIMF). The fundamental property of the 
IGIMF-theory is that for massive stars it steepens 
with decreasing total SFR although the shape of 
the underlying IMF in each star cluster is uni- 
versal and constant. This is a direct consequence 
of (i) the star formation process taking place in 
individual embedded star clusters on the scale of 
a pc, many of which dissolve when emerging from 
their molecular cloud cores, rather than being uni- 
formly distributed over the galaxy and of (ii) low- 
star-formation regions being dominated by low- 
mass star clusters w hi ch are v oid of massive stars 
dKroupa fc Weidnerl 120031: IWeidner fc Kroupa 



20051 120061: IWeidner. Kroupa. fc Bonnellll2009h 

The main aim of this paper is not to present 
a high precission data analysis of galaxies but 
to demonstrate the change of fundamental galaxy 
properties when switching from the constant IMF 
assumption to the IGIMF theory. 

We recap the basics of the IGIMF theory and 
update its observational support in Section [2] The 
required data of the sample of star forming galax- 
ies are tabulated in Section [3] We then calcu- 
late the SFRs of galaxies (Section[4]), gas depletion 
time scales (Section [5]), and stellar mass build-up 
times (Section [6]) using an IGIMF based SFR-Lh q 
conversion and show the dramatic differences that 
arise form using a constant-IMF based SFR-Lh q 
relation. 

2. IGIMF: theory and observation 

The IMF within each sta r clus ter seems to be 

19991 : 



universal ( Elmegreen 



2002; Ldckmann et al.l 



1997 



Kroupa! [2001 



2009). The canonical form 



of the IMF, £(m) = dN /dm, where dN is the num- 
ber of stars in the mass interval [m,m + dm], is 
a two-part power law, £(m) oc mT a \ in the stel- 
lar regime with a.\ = 1.3 for 0.1 < to/Mq < 0.5, 
0-2 = 2.35 for 0.5 < m/M© < m max , where ra max 
is the maximal stellar mass in a just-born star clus- 
ter with embedded stellar mass M ec \. It can also 
be formulated as a log-normal distribution at low 
masses and a power-law extension at high masses 
dMiller fc Scaldll979tlChabrieiti2003h . 

The maximum stellar mass, m max , up to which 
the IMF of a star cluster is populated, is a function 



of the total stellar mass, M ec i, (jWeidner fc Kroupa 
120061 ). This relation has been recently confirmed 
by an updated much larger sample of yo ung em- 
bedded star clusters ( Weidner et al.|[2009h . 

The masses of young embedded star clusters 
are distributed according to the embedded cluste r 
mass function (ECMF) (eg. lLada fc Ladall2003h . 
The ECMF is populated up to the most mas- 
sive young star cluster, M ec i imax (SFR). This 
most massive young star cluster is found to 
scale with the total SFR of th e host galaxy 
(|Weidner. Kroupa. fc Larse"nll2004 ). 

As stars form in star clusters the galaxy-wide 
IMF has to be calculated by adding all IMFs of 
all young star clusters. The embedded star clus- 
ter population is dominated by low-mass star clus- 
ters and has only a few high-mass star clusters. 
But due to the m max -M oc i relation massive stars 
are predominately formed in high- mass clusters, 
whereas low-mass stars are formed in all star clus- 
ters. Thus the resulting integrated galactic stellar 
initial mass function is steeper than the underlying 
universal canonical IMF in each star cluster. 

With decreasing SFR the upper mass limit of 
the ECMF decreases and the number ratio of high- 
mass to low-mass young star clusters decreases. 
Consequently the galaxy-wide number ratio of 
high-mass to low-mass young stars decreases, too. 
As a consequence the IGIMF steepens with de- 
creasing SFR, which we refer to as the IGIMF- 
effect. 

Among all quantities which are relevant for the 
IGIMF theory the slope of the ECMF is the least 
accurately constrained one. Thus, two different 
ECMF-slopes, according to the observational and 
theoretical range of possible slopes, are used to 
fully explore the possible range of IGIMF effects: 
the standard IGIMF with a Salpeter single power- 
law ECMF slope of j3 = 2.35, and the minimum-1 
IGIMF with a power-law ECMF slope of (3 2 = 2.00 
for star cluster more massive than 50 Mq and 
Pi = 1.00 for star cluster masses between 5 and 
50 Mq. It has been recently suggested that the 
mass function of young star clusters might be 
bette r described by a Schechter - f unct i on ( Bastianl 
20081: iLarsenl l2009h . iBastianl (|2008l) obtains a 



Schechter function with a low mass power-law 
slope of (3 = 2 below M* = 1-5 xlO 6 Mq. It 
follows f rom the SFR-most m assive star cluster 
relation ( Weidner et al. 20041 ) that only galaxies 
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with SFR>30 M yr" 1 populate the ECMF be- 
yond the mass regime described by the power law 
part of the Schechter function. All galaxies in our 
sample are below this threshould. Thus the power 
law description of the ECMF in the IGIMF model 
includes already a possible global Schechter func- 
tion of the ECMF for these galaxies. 

For a deep er introduction the reader is refe rred 
to section 2 of lPflamm-Altenburg et al.l (|2007l ) and 
references therein. 

As a consequence, all galaxy- wide properties 
which depend predominantly on the presence of 
high-mass stars scale non-linearly with the to- 
tal SFR, such as the total Ha luminosity, the 
oxygen yield, and the alpha-element [a/Fe] ra- 
tios. The observed mass-metallicty relation of 
galaxies is a direct o utcome of the IGIMF-theory 
( Koppen et al.l[2007h and the decreasing [a/Fe] ra- 
tio with decreasing velocity dispersion of galax- 
i es can be easily ex plained in the IGIMF context 



stiy, which naturall y explains the radial Ha cut- 



(Rcc chi et al. 2009). In both cases no extreme 



fine-tuning and parameter adjustment is required 
as is the case if a constant IMF on galaxy scales 
is assumed. 

The IGIMF-theory connects the galaxy-wide 
IMF with the current SFR and thus refers to 
whole galaxies. Within galaxies star formation is 
described by the corresponding surface star for- 
mation rate density, Ssfr = dM/dtdxdy, which 
defines the newly formed stellar mass, dM, per 
time interval, dt, and per area, dxdy. In or- 
der to construct a local relation between the lo- 
cal star formation rate surface density, T,$fr, and 
the produced local Ha luminosity surface density, 
^Ha = eL^Haipha/ ' dtdxdy , which defines the pro- 
duced Ha luminosity, dL^ a , per time interval, dt, 
and per area, dxdy, the embedded cluster mass 
function and the integrated galactic stellar initial 
mass function are replaced in the IGIMF theory 
by their corresponding surface densities. These 
are the local embedded cluster mass function, 
LECMF, and the local integrated galactic stellar 
initial mass function, LECMF. In the outer regions 
of disk galaxies the star formation rate surface 
density is lower and the LECMF is populated to 
lower upper masses than in the inner regions. Like 
the IGIMF effect for whole galaxies, a local IGIMF 
effect emerges. Thus the Ha luminosity surface 
density decreases faster with increasing radial dis- 
tance than the star formation rate surface den- 



off in disk galaxies (|Pflamm-Altenburg fc Kroupa 
20081 ). 



How the Ha based SFRs of galaxies and their 
related properties change when the classical lin- 
ear Ljjq-SFR relation is replaced by the non- 
linear IGIMF based conversi on, presented in 
Pflamm-Altenburg et alJ (|2007l L is explored in 



this paper. The classical relation between the 
total Ha luminosity of a galaxy and the under- 
lying SFR is based on the assumption that the 
galaxy-wide IMF is identical to the IMF observed 
in star clusters and does not vary with SFR. Thus, 
the classical SFR scales linearly with the total Ha 
luminosity. The relation between the total SFR 
and the total Ha luminosity in the IGIMF theory 
is nearly linear in the high Ha luminosity range, 
i.e. for L* and more luminous galaxies. But the 
IGIMF-based SFR-Lnaipha relation deviates in- 
creasingly from linearity for Ha faint galaxies, 
i.e. for galaxies with an Ha luminosity compa- 
rable to the SMC (ps 5 x 10 39 erg s" 1 ) or less. 
Thus, the classical method underestimates the 
SFR of Ha faint galaxies compared to the IGIMF 
prediction. This underestimation is illutrated in 
Fig. [TJ The SFR for both IGIMF models (stan- 
dard and minimal) are calculted using the fith- 
order pol ynomal fit published in s e cion 2.3 and 
tab. 2 in IPflamm-Altenburg et all (|2007t ). The 
classical SFR is calculated with t he w idly used 
linear relation by iKennicutt et al. I (|l994h . 
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M 



© y r " 



1.26 x 10 41 erg s" 1 



(1) 



For example, a galaxy with an Ha luminosity of 
1.26 x 10 38 erg s -1 has a classical Kennicutt-SFR 
of 10~ 3 M yr" 1 . The IGIMF SFR is 5 times 
larger for the minimal model and 10 times larger 
in the standard model. 

Additionally the IGIMF-effect is expected to 
have different strenghts for Ha and FUV radi- 
ation, because the Ha luminosity depends only 
on the presence of the ionising radiation of short- 
lived high-mass stars, whereas long-lived B stars 
also contribute to the FUV flux. It has been pre- 
dicted that the H a /FUV flux ratio decreases wit h 
decreasi ng SFR (IPflamm-Altenburg et al.l l2009h . 
Recently iMeurer et al.l ( 200S ) have shown that the 
Ha/FUV flux ratio of star forming galaxies de- 
creases with decreasing average Ha surface lumi- 
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nosity density and conclude that a varying galaxy- 
wide IMF slope in dependence of the SFR might 
be the most l ikely explanation. A different study 
bv lLee et al. I (l2009h of local volume galaxies found 
a decreasing Ha/FUV flux ratio with decreas- 
ing total Ha luminosity which is in remarkable 
quantitative agre ement with the prediction by the 
IGIMF theory bv IPflamm- Altenburg et all (|2009h 
down to the least-massive dwarf galaxies. 

A more detailed listing and discussion of the ob- 
servational s upport of the IGIMF theory is given 
i n sect ion 1 of lPflamm- Altenburg. Weidner. fc Kroupal 
(|2009h . 

It should be emphasised here that one may ar- 
gue that anything can be explained by a suitably 
chosen variable IMF. But how the IGIMF varies 
is not adjusted for the problem to be solved or ex- 
plained. Instead, the nature of clustered star for- 
mation defines how the slope of the IGIMF scales 
with the total SFR. This means the slope of the 
IGIMF is defined by the SFR of the galaxy. The 
relation between the IGIMF-slope and the current 
SFR is constant for all applications. There is no 
freedom to match the galaxy-wide IMF slope for 
a considered problem. Although the slope of the 
IGIMF varies the IMF in star clusters is universal 
and constant and not varying, i.e. the star forma- 
tion physics is untouched. 

3. Data 

In order to calculate current SFRs, gas de- 
pletion times and stellar mass buildup time 
scales of star forming galaxies in the IGIMF- 
context, the Ha luminosity, Iho, the total neu- 
tral gas mass, M gas , and the blue band abso- 
lute magnitude, Mb, of 200 local volume galax- 
ies (Tab. [J) are compiled from different samples 
of star forming g alaxies: the Canes Venatici I 
group of galaxies ( Kaisin fe Karachentsev 20081). 
the M 81 galaxy group (jKarachentsev fc Kaisin 



20071 ). the dwarf irregular gala xies of the Sculp- 



tor group (jSkillman et al.l 12005), a sample of iso- 
lated dwarf irregular galaxies (Ivan Zee _ 2001 ), lo - 
cal group dwarf irregular galaxies ( Mated 1998 ) 



not given. Instead, the published SFR, based 
on the observed Ha luminosity, has been trans- 
formed into the Ha luminosity using the respec- 
tive SFR-Ljja relation as described in the publica- 
tion where the SFR is extracted from. The pub- 
lishe d SFR, based on a lin ear SFR-Lho relation 
(eg. iKennicutt et al. Il994l ). is tabulated in Ta- 
bic Q] (Col. 5). The observed total Ha-luminosity 
(Col. 2) is convert ed into an IGIMF-SFR us i ng the 
relations given in Pfla mm- Altenburg et al. (2007) 
for the standard-IGIMF model (Col. 6) and the 
minimall-IGIMF model (Col. 7) in order to cover 
the range of IGIMFs allowed by the empirical data 
(Sec. O. 

The Milky Way is included in this study . The 
HI mass is taken from Ivan den Berghl ( 19991 ). Due 
to the lack of Ha data for the M ilky Way we take 
the SFR from Diehl et"ai] (|2006t ) which is based on 
the meassurement of the Al-26 and Fe-60 gamma 
ray flux. As this SFR determination is based on 
a Scalo slope of a = 2.7 in the high-mass regime 
of the IMF, the IGIMF-cffect is already taken un- 
knowingly into account. 

The total neutral gas mass (Col. 3) is the total 
HI mass taken from the references m ultiplied by 
1.32, following ISkillman et al.l (2003), to account 
for primordial helium. The absolute B-band mag- 
nitudes are listed in Col. 4. 

Other Hl-total-gas-mass conversion factors 
have been applied in the literature, eg. 1 . 34 
dKunth fe Sargentl Il986t iLegrand et all l200ll) or 
1.36 (|Kennicutt et al.ll2007l) The conversion fac- 
tor may therefore be uncertain by 3 per cent, 
corresponding to a logarithmic uncertainty of the 
total neutral gas mass of Alog HI = 0.013. For 
the purpose of this study this uncertainty can be 
neglected and we us e a factor of 1.32, following 
Skillman et all (|2003l ). throughout this study 



Finally it should be noted that the galaxies of 
our sample stem from different observations. Val- 
ues from 21 cm and optical observations are com- 
pared with each other. As HI exists to much 
larger galactocentric radii than Ha radiation is 
produced, the areas covered by the observations 
are diffently large. Because our study compares 



and the local group disk galaxies, M31, M33 * '•> — «~- - 

(IWalterbos fc Braunll 994t :lDa^Talll993lKar achentsev^tjil.l 1 ^^ 1 ^^ values with each other the diff 



2004: IVerlev et al.l 120071: ICor bclli & Schneider 



ently large areas do not impose a problem here. 
HMntlK.-nnicuii et a 1 .11 1 9<>r>l: [TTh7 f 1 . . , a . Jl 1 967t I \\VstTH^l The observed Ha luminosities might suffer from a 
19971) . In most cases the Ha luminosity was blas as the d i fferent observations might have been 

performed with differently defined surface bright - 
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ness limits. Given that the Ha surface brightess 
strongly declines with increasing galactocentric ra- 
dius in star forming galaxies, the main contribu- 
tion to the total Ha luminosity comes from the 
inner regions of the galaxies which should be cov- 
ered by each observation. The very small possible 
bias for the total Ha luminosities can be neglected 
here, because the main aim of our study is to 
demonstrate the differences which arise when the 
classical method for calculating SFRs from total 
Ha luminosities based on a constant galaxy-wide 
IMF is replaced by the IGIMF-based conversion 
resulting in new SFRs being up to a factor 100 
larger. 

In order to detect possible differences between 
the different data sources all galaxies which be- 
long to the same sub-sample are plotted by the 
same symbol. These sub-samples are the Canes 
Venatici cloud of galaxies (CVnl), the M81 group, 
the Sculptor group of dwarf irregular galaxies, a 
sample of isolated dwarf irregular galaxies, the lo- 
cal group of star forming galaxies, and the Milky 
Way. It can be seen in the following plots that the 
changes of the SFRs with decreasing galaxy mass 
are the same for all sub-samples. A systematic 
bias between the various sub-samples is thus not 
evident. 

Allthough these sub-samples cover different re- 
gions in the local volume, some overlap exists with 
th e sub-sample of isolated dwarf irregular galaxies 
by Ivan Zee ( 2001 ). Nine galaxies have been iden- 
tified to be listed twice in Table [1] (see Table [2]) . 
These galaxies appear twice in the following plot 
as independent data. 
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Fig. 1. — Ratio of the SFRs calculated 
from the observed Ha luminosity with the 
classical constant-IMF based conversion from 
Kennicutt et all (Il994 and the IGIMF base d con- 
version from Pflamm-Altenburg et alJ ( 2007b . The 
IGIMF-based SFRs are calculted using the fith- 
order po lynomal fit published in secion 2.3 and 
tab. 2 in lPflamm-Altenburg et al.1 (|2007l ). 
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Table 1 
Galaxy properties 



Galaxy 


log L Ha 


log M gas 


M B 


log SFR 


log SFR 


log SFR 


Ref. 


Ref. 


Ref. 




erg / s 


M 




M / yr 


M / yr 


M / yr 


SFR, L Hq 


M m 


M B 










IMF 


std-IGIMF 


min-IGIMF 








UGC 5427 


38.78 


7.61 


-14.48 


-2.19 


-1.47 


-1.87 


(1) 


(1) 


(1) 


UGC 5672 


38.87 


7.52 


-14.65 


-2.10 


-1.40 


-1.81 


(1) 


(1) 


(1) 


NGC 3274 


39.86 


8.86 


-16.16 


-1.11 


-0.60 


-1.10 


(1) 


(1) 


(1) 


NGC 3344 


40.71 


9.79 


-19.03 


-0.26 


0.17 


-0.41 


(1) 


(1) 


(1) 


UGC 6541 


39.29 


7.15 


-13.71 


-1.68 


-1.08 


-1.52 


(1) 


(1) 


(1) 


NGC 3738 


39.67 


8.21 


-16.61 


-1.30 


-0.77 


-1.25 


(1) 


(1) 


(1) 


NGC 3741 


38.69 


8.17 


-13.13 


-2.28 


-1.53 


-1.92 


(1) 


(1) 


(1) 



Note. — Table [T] is published in its entirety in the electronic edition of the Astroph ysical Journal. A por- 
tion i s sh own here for guidance regard ing its form and content . R eferenc es: (1) iKaisin & Karach entsevl 

11200811. (21 IKarachentsev '&: Kaisinl <2007ft. (31 ISkillman et alj l2003h. (4) iMateol jl998l). (51 Ivan Zed (l200lh . (6) 
Walterbos fc Braunl lll994l) (71 iDame et all ||l993t) . (81 iKarachentsev et alj J2004T ), (9) IVerlev et aTr(l2007i 1 . (10) 
Corbelli fc Schneider! || 1997|). (Ill iKennicutt et al.l jl995f l. (121 iHindmanl dl967f) . (131 IWesterlundl dl997f) . (14) 
Diehl et al.l ||2006| 1. (151 Ivan den Berghl (I1999T) - 
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Table 2 
Multiply listed galaxies 



Galaxy (ref.) Galaxy (ref.) 



UGCA 292 (1) 
DDO 181 (1) 
DDO 183 (1) 

UGC 8833 (1) 
DDO 187 (1) 
DDO 190 (1) 

UGC 5423 (2) 
DDO 226 (3) 
DDO 6 (3) 



UGCA 292 (5) 
UGC 8651 (5) 
UGC 8760 (5) 
UGC 8833 (5) 
UGC 9128 (5) 
UGC 9240 (5) 
UGC 5423 (5) 
UGCA 9 (5) 
UGCA 15 (5) 



Note. — Each line refers to one 
galaxy which is listed in different ref- 
erences. The references are the same 
as in Table [JJ For example, the sec- 
ond line shows that the same galaxy is 
listed as DDO 181 in reference (1) and 
as UGC 8651 in reference (5). 
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4. Calculating SFRs 

The SFRs, which are taken from the literature 
and based on a classical linear conversion of the 



For the minimum IGIMF the relation between the 
SFR and the galaxy neutral gas mass is 



Ha l uminosity into a SFR (eg. iKennicutt et al 
1994), are plotted in dependence of the total 
galaxy neutral gas mass in Fig. [2] With decreasing 
galaxy neutral gas mass the relation between the 
traditionally calculated SFR and the galaxy neu- 
tral gas mass becomes increasingly steeper. Here 
we find that for massive galaxies of our sample 
with neutral gas masses > 5 x 10 7 M Q the SFR 
scales slightly non-linear with neutral gas mass, 



SFR 

M Q yr- 



= 1.62 x 10" 



Mr 



0.87 



(5) 



SFR 
M G yr" 1 



3.91 x 10 



-13 



Mr 



(2) 



and scales almost quadratically for less massive 
galaxies (M ga8 < 5 x 10 7 M Q ), 



SFR 1S /M„ as 

7.96 x 10 -18 — ^ 



M yr" 1 



1.87 



(3) 



This behaviour is already well know n (e.g. lKarachentsev 
2007tlKaisin fc Karachentsevll2008h . 



Note that the main parameter in the IGIMF 
theory is the slope of the ECMF. Both IGIMF 
models, the standard model with an ECMF slope 
of = 2.35 and the minimum model with an 
ECMF slope of (3 = 2, cover the full range of pos- 
sible ECMFs. Therefore, the change that emerges 
in the SFR-M gas relation when changing from the 
classical invariant IMF description to the IGIMF 
theory is a direct result of the nature of clustered 
star formation. 

In conclusion, the IGIMF theory revises the 
SFRs of dwarf galaxies significantly, such that the 
true SFRs may be larger than hitherto thought 
by two or three orders of magnitude. The reason 
why this was not evident until now comes about 
because in dwarf galaxies star formation prcdom- 
irrarrthr occurs in low-mass clusters which do not 



Contain massive stars 



The non-linear relation between the total Ha 
luminosity and the underlying SFR calculated 
with the IGIMF-theory diverges significantly from 
these classical linear relations based on a constant 
galaxy-wide IMF below SFRs typical for SMC- 
type galaxies. For comparison, the SFR-M gas 
relation in the classical picture becomes increas- 
ingly steeper for galaxy masses less than SMC- 
type galaxies. It can be expected that the IGIMF 
theory revises the Ha-SFRs of galaxies with a 
small neutral gas content such that their lower star 
formation efficiencies will be increased. The S¥Ji- 
M gas relation of this galaxy sample as resulting 
from the IGIMF theory is shown in Fig. [3] for the 
standard model and in Fig. [4] for the minimum 
model. 

It can be clearly seen that for both IGIMF mod- 
els the turn-down evident in the classical SFR- 
Mgas relation (Fig. \2§ disappears completely. 

For the standard IGIMF a bivariate regression 
gives a linear scaling of the total SFR and the 
galaxy neutral gas mass, 



5. Gas depletion time scales 

The gas depletion time scale, r gas , is a mea- 
sure for how long a galaxy with current total neu- 
tral gas mass, M gas , can sustain its current SFR 
without being refueled by accretion of fresh extra- 
galactic material. It is defined by 



Mrr 



SFR 



(6) 



SFR 

M Q yr~ 



= 3.97 x 10" 



M. 



gas 



Mr. 



().<)<) 



(4) 



The corresponding gas depletion time scales, 
based on a constant galaxy- wide IMF, are plotted 
in Fig. I 

The SFR-M gas relations for the IMF case (eq.|5] 
and [3]) can now be converted into r gas -SFR rela- 
tions, which are plotted as dashed lines in Fig. [5] 
The gas depletion time scale increases slightly 
with decreasing total galaxy neutral gas mass for 
galaxies more massive than 5 x 10 7 M© and it 
increases strongly for less-massive galaxies with 
masses less than 5 x 10 7 Mrr, , in agreement 
with other studies dSkillman Cote, fc Millerll2003t 
Bothwell. Kennicutt. fc Leell2009l ). This is com- 
monly interpreted as star forming dwarf galaxies 
having much lower star formation efficiencies, t~^, 
than large disk galaxies. 
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Fig. 2. — The original SFRs taken from the lit- 
erature are plotted versus the host galaxy total 
neutral gas mass. These SFRs are calculated from 
the total Ha luminosity using a classical linear 
SFR-Lhq relation. Galaxies with a total neutral 
gas mass > 10 8 Af Q show a SFRcx M^ 6 relation 
(eq. [2]), whereas the SFRs of less massive galaxies 
scale with M^f 7 (eq. [3]), both bivariate fits be- 
ing shown as thick-dotted lines. For comparison, 
the thin dotted line shows the bivariate regression 
from Fig. of the standard IGIMF model with 
slope 0.99. 




Fig. 4. — Same as Fig. [3] but using the SFR-L Hq! 
relation based on the minimum-IGIMF. The solid 
line shows the bivariate regression for this mini- 
mum IGIMF (eq. E]). For comparison, the dotted 
line shows the fit of the standard model (eq. [4J. 
The symbols are the same as in Fig. [2] 
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Fig. 3. — The calculated SFRs based on the stan- 
dard IGIMF versus the total galaxy neutral gas 
mass. The solid line shows the bivariate regres- 
sion for the standard IGIMF (eq. HJ. The symbols 
are the same as in Fig. [5] 
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Fig. 5. — Gas depletion time scales in dependence 
of the total galaxy neutral gas mass for the case 
of a constant galaxy-wide IMF. The thin dotted 
line marks the age of the universe, 13.7 Gyr. The 
symbols are the same as in Fig. [2l 
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In the previous section it has been shown that 
the SFRs of dwarf galaxies are much higher if 
the constant galaxy-wide IMF is replaced by the 
IGIMF, and consequently the gas depletion time 
scales are now expected to be shorter. 

The resulting gas depletion times scales for the 
standard IGIMF are plotted in Fig. [6] and for the 
minimum IGIMF in Fig. [7l In both cases the gas 
depletion time scales of dwarf galaxies are compa- 
rable to the gas depletion time scales of large disk 
galaxies. 

For the standard IGIMF the SFR scales linearly 
with the total galaxy neutral gas mass (eq.2]). The 
resulting gas depletion times scale with the total 
galaxy neutral gas mass as 



'gas 



SFR 



2.52 Gyr 



Mr,. 



Ma 



(7) 



The mean gas depletion time scale of a galaxy with 
a neutral gas mass of 10 6 M Q is 2.89 Gyr and for 
a galaxy with a neutral gas mass of 10 10 M Q it 
is 3.17 Gyr. Thus, the gas depletion time scales 
are constant for all galaxies, being approximately 
3 Gyr. It follows that low-mass dwarf irregular 
galaxies have the same star formation efficiency 
as massive disk galaxies, in disagreement with 
the currently widely accepted notion according 
to which dwarf galaxies are inefficient in making 
stars. 

The gas depletion time scales for the standard 
IGIMF are not only shorter than the IMF gas de- 
pletion time scales, but they also have a smaller 
scatter. Fig. [5] shows the normalised histogram 
of the gas depletion time scales for the IMF case 
(dashed histogram) and for the standard IGIMF 
case (solid histogram). The scatter of the stan- 
dard IGIMF gas depletion time scales can be well 
described by a log-normal distribution, 



dN, 



Gal 



1 



dlogTj 



ga.s 



V2 



7T(J 



(8) 



with fx = 9.50 (3.19 Gyr), a = 0.36. If and to what 
degree conclusions can be made for the physical 
conditions for star formation on the basis of the 
reduced scatter in the IGIMF gas depletion time 
scales is unclear at the moment. A volume limited 
sample in further studies is required in order to 
avoid any kind of bias. 



In the case of the minimum IGIMF the resul- 
tant Tgas--Mg as relation follows from eq. El 



M„. 



SFR 



0.62 Gyr 



Mr? 



(9) 



This leads to a gas-depletion time scale of 3.74 Gyr 
for a 10 6 M e galaxy and 12.37 Gyr for a 10 10 M Q 
galaxy. This means that in the case of the min- 
imum IGIMF dwarf irregular galaxies consume 
their gas faster than large disk galaxies and would 
therefore have higher star-formation efficiencies in 
contradiction to the currently widely accepted pic- 
ture. 

Thus, independent of the IGIMF model details 
dwarf galaxies do not have lower star formation 
efficiencies than large disk galaxies. 

6. Blue stellar mass buildup times 

In the previous section the current SFR and 
available total neutral gas mass of galaxies have 
been analysed to calculate their current gas de- 
pletion time scales. This allows an estimation of 
their future star formation activity. Here we now 
compare the current SFR, and the already assem- 
bled total stellar mass, M*, of galaxies to analyse 
their past star formation by calculating the corre- 
sponding stellar mass buildup time scale, t„, which 
is defined by 

The total stellar mass is here calculated from 
the blue-band magnitude, Mb, (Tab. [Q Col. 4). 
In order to account for possible different metal- 
licities and star formation histories (SFHs), we 
use the stella r-mass-to-light-ratio-c olour relations 
published bv lBell fe de Jonl (|200lh . These rela- 
tions are obtained from synthetic spectra based on 
different galaxy e volution models with a constant 
galaxy- wide IMF. iBell fc de Jonl (|200ll ) adopt a 
large variety of star formation histories as indi- 
cated in Tab. [3] 
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Fig. 6. — Same as Fig. [5] but for the case of the 
standard IGIMF. The solid line shows eq.El while 
the thin dotted line marks the age of the universe 
as in Fig. [5] Note the reduced scatter in compar- 
ison to Fig. \5\ The symbols are the same as in 
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Fig. 8. — The normalised histogram of gas deple- 
tion time scales for the constant IMF (Fig. [5]) and 
the standard IGIMF (Fig. [6]) overlayed with the 
log-normal distribution of eq. [5) Note that the 
IGIMF-based gas depletion time scales are signifi- 
cantly shorter on average, have a symmetric distri- 
bution, and have a significantly smaller dispersion 
than if the galaxy-wide IMF is assumed to be in- 
variant. 



Fig. 7. — Same as Fig. [5] but for the case of the 
minimum IGIMF. The solid line shows eq. El The 
symbols are the same as in Fig. [21 
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Table 3 

Stellar-mass-to-light-ratio-colour relations 



Model 


«B : B-H 


&B,B-H 


Closed Box 


-1.551 


0.586 


Infall 


-1.706 


0.621 


Outflow 


-1.466 


0.555 


Dynamical time 


-1.505 


0.564 


Formation epoch 


-1.741 


0.630 


Formation epoch burst 


-1.764 


0.634 


Cole et al. 2000 


-1.699 


0.621 


Mean 


-1.633 


0.602 



Note. — The coefflciants a B ,B-H (eq. fl4|) 
and 6b,b-h (eq. fT5|) have been derived 
from different gala xy evolution models 
dBell fc de Joiudl200lh and the corresponding 
mean values. 
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It might be argued that the application of these 
relations is wrong because the IGIMF will affect 
the stellar-mass-to- light- r atio-c olour relations. In 
Pflamm-Altenburg et all (|2009f ) it has been shown 
that for small SFRs the IGIMF effect for the FUV- 
flux is less than one dex if the IGIMF effect for 
Ha is two dex. The B-band and longer wave- 
length bands are expected to show an even smaller 
IGIMF effect than the FUV-flux. The dominating 
influence on the stellar mass buildup time scale is 
by far the IGIMF- effect for the Ha base d SFRs 
(eq.QUJ). Thus, the lBell fc de Jongl (|200lh stellar- 
mass-to-light-ratio-colour relations are applicable 
for an order-of-magnitude estimate of the stellar 
mass buildup times. However, precision galaxy 
evolution modeling would require revised mass-to- 
light ratios, which we will adress in future projects. 

The two stellar-mass-to-light-ratio-colour rela- 
tions 



log 



Qb,b-v 



'B, B 



.v(Mb-Mv) , (11) 



and 



log — = ob.v-h + 6b,v-h (M v - M H ) , (12) 

^B 



tabulated in Bell fc de Jond ( 200lh can be used to 
construct a stellar-mass-to-light-ratio-colour rela- 
tion between the B-band magnitude and the B-H- 
colour, 

log = a B ,B-H + &b,b-h (M B - Mb) , (13) 
Lb 

where the two coefficients are given by 

^B,V-H OB,B-V + ^B,B-V aB,V-H 



a B,B — H 



and 



&B,B-H 



&B.V-H + fe,B-V 

&B,V-H &B,B-V 
&B.V-H + &B.B-V 



(14) 
(15) 



The required colour is obtained using the tabu- 
lated blue-band magnitude, and the H-band mag- 
nitude, Mb- To assign an H-band magnitude to 
each galaxy we use the observed extremely tight 
correlation between the B- an d H-band magnitude 
of galaxies (jKirbv et al.ll2008l . eq. 9) ranging from 
M B = -8 to M B = -22. The resulting empirical 
relation between the B-H colour and the B-band 
is then given by 



In iBell fc de Jong (|200lh the stellar-mass-to- 
light-ratio-colour relations are given for seven 
different galaxy evolution models, which lead 
to slightly different values for ob.b-v, ftB.v-H, 
&b.b-v, and &b,v-h- The resulting coefficients, 
ob, b-h and £>b,b-h, are listed in Tab. [3l In the 
following analysis we use their mean values for the 
log M*/L B -(Af B — Mb) relation, 

dB,B— h = -1.633 and 6 b ,b-h = 0.602 . (17) 

We now have for each of our galaxies Mb 
(Tab.[fl Col 4), Mb (from eq.HU) and thus M*/L B 
(from eq. [T3|) . Each of the M B values can there- 
with be converted to the total stellar mass M* 
allowing the computation of r* for each galaxy. 

For a few galaxies of our sample abso l ute H - 
band magnitudes are listed in iKirbv et al.l (|2008T ) . 
For these galaxies we use the observed absolute 
H-band magnitude, for all the others we use the 
calculated B-H colour according to the procedure 
described above. TableH]lists those galaxies which 
have observed ab solute H-band magnitudes by 
Kirbv et alJ (|2008h . 



Mr - Mb = -0.14 M, 



B 



0.74 



(16) 
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Table 4 

Observed vs. calculated H-band magnitudes 



Galaxy 


AfH.obs. 




Af B ,obs. — M H ,caI. 


log M*, 6 S . 
M 


log Af» >co l. 

M 


A^*,obs./Af» iCa i. 


SC 18 


-11.5 


2.30 


2.03 


5.62 


5.46 


1.45795 


ESO 473-G24 


-16.1 


3.42 


2.52 


7.69 


7.15 


3.50501 


SC 24 


-10.7 


2.31 


1.91 


5.31 


5.07 


1.72994 


NGC 625 


-19.2 


2.89 


3.02 


8.82 


8.90 


0.831176 


ESO 245-G05 


-17.2 


1.61 


2.92 


7.76 


8.55 


0.162112 


DDO 210 


-12.9 


1.94 


2.27 


6.11 


6.31 


0.629059 


ESO 347-G17 


-18.3 


3.51 


2.81 


8.59 


8.17 


2.63657 


ESO 348-G09 


-17.2 


3.45 


2.67 


8.14 


7.66 


2.96873 



Note. — Listed are those galaxies of Table [T] for which absolute H-band magnitudes, Afu obs> are published in 
iKirbv et all (|2008l V Two B-H colors and two total stellar masses based on eq[l3land[T7l are calculated: Mb obs. — Afjj obs. 
and logM^ ;, 3 ar e based on the observed absolute B-band (Table [1} and the observed absolute H-band magintude 
l lKirbv et al.ll2008h , M B obs — M H ca i and logM t caL are based on the observed absolute B-band (Table [TJ and the 
calculated B-H color using eq. 1161 
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We now estimate the error of the calculated 
stellar mass due to different galaxy evolution 
models and theoretical stellar-mass-to-light ra- 
tios. Consider one galaxy with observed blue- 
band luminosity, Lb, and current star formation 
rate, SFR. Two different theoretical stellar-mass- 
to-light ratios, Ti and T2, lead to two different 
stellar masses, M* t i and M,^. The logarithmic 
difference of the two corresponding stellar mass 
buildup times, r* 1 and r* 2, is 



logr* )2 - logr*i = log 



T*,2 
T*,l 



log 



. M^SFRLb , T 2 

log = log 

6 L B SFR M*,i B T x 

log T 2 - log Ti . 



M. |2 SFfl 
STi? M* 1 



(18) 



Note that Lb and SFR can be crossed out, be- 
cause they refer to the same galaxy. 

In Fig. [5] the stellar-mass-to-light ratio is plot- 
ted as a function of the total blue-band magnitude 
for the different galaxy evolution models listed in 
Tab. [3] For the least massive galaxies the model 
variation in the stellar-mass-to light ratio is about 
±0.05 dex around the mean value relation and be- 
comes smaller for more massive galaxies. There- 
fore, for the purpose of this analysis the uncer- 
tainty in the calculation of the current stellar mass 
due to galaxy evolution can be neglected. 

For the case of a constant galaxy-wide IMF the 
resulting stellar-mass buildup times as a function 
of the total stellar mass are plotted in Fig. [TD] The 
average value of the stellar-mass buildup time is 
constant for galaxies more massive than 10 8 M 
and increases by more than one order of magni- 
tude for less massive ones. This implies that the 
SFR in massive galaxies has decreased much more 
slowly over cosmic time than for the least mas- 
sive galaxies. This is in contradiction to the find- 
ing of downsizing, according to which massive disk 
galaxies have on average older stellar populations 
than dwarf galaxies. 

When using Ha as a SFR tracer, in the IGIMF 
context the SFRs are much higher than the con- 
stant IMF-based SFRs for low SFR galaxies, i.e. 
less massive galaxies. The corresponding stellar- 
mass buildup times therefore become shorter. In- 
deed, for both IGIMF models, standard (Fig. QIJ) 
and minimum (Fig. [T2|). the stellar-mass buildup 
times decrease monotonically with decreasing 



galaxy stellar mass. This suggests that massive 
disk galaxies have been forming stars at about 
a constant rate for a Hubble time, while dwarf 
galaxies have either turned on more recently or 
have a slightly increasing SFH, in full agreement 
with downsizing. 

7. Conclusion 

We have applied the revised SFR-Lhq relation, 
which takes the nature of clustered star formation 
into account, to a significantly larger sample of 
star forming galax ies of the local volume th an was 
available in iPffamm- Altenburg et al. I (|2007l) . 

The SFRs of galaxies and the corresponding 
gas depletion and stellar-mass buildup time scales 
are calculated. Comparing these new values with 
the classical ones which are derived from SFRs 
based on an assumed constant galaxy-wide IMF, 
the changes are dramatic: 

The SFRs of galaxies scale linearly with the to- 
tal galaxy neutral gas mass and the correspond- 
ing gas depletion time scales are independent of 
the galaxy neutral gas mass. This implies that 
dwarf galaxies have the same star formation effi- 
ciencies as large disk galaxies. Furthermore, the 
stellar-mass buildup times are only compatible 
with downsizing in the IGIMF context. They are 
inconsistent with downsizing in the classical the- 
ory which assumes an invariant galaxy- wide IMF. 

These results follow from the S FRhq/SFRfuv 
data compiled bv lLee et al. ( 20091 ). independently 
of the well developed IGIM F theory. The IG IMF 
theory merely explains the iLee et ah ( 20091 ) re- 
sults within an empirically well established star- 
formation framework. The success of the I GIMF 
theo ry, developed by Kroupa fc Weidner ( 20031 ) 



and iWeidner fc Kroupal (|2005l l2006t ), is that 
the ILee et al.l (2009) res ults ha ve been predicted 
(jPflamm- Altenburg et al.ll2007l ) rather than being 
adjusted afterwards. The power of the IGIMF 
theory lies in that it is readily computable and 
deterministic. 

We emphasise that the galaxy properties de- 
rived in the IGIMF theory are qualitatively inde- 
pendent of the main parameter of the IGIMF, the 
slope of the ECMF. For the full range of possible 
slopes of the ECMF in the IGIMF theory SFRs 
of dwarf galaxies are significantly higher than de- 
rived in the classical paradigm assuming a con- 
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stant galaxy-wide IMF independent of the global 
SFR. 

The revision of the SFRs of dwarf galaxies 
suggested here now poses a major challenge for 
our theoretical understanding of star formation in 
galaxies which had been developed with the aim 
of explaining the low star formation efficiencies of 
dwarf galaxies. It follows that galaxy and cos- 
mic evolution models need a substantial revision 
requiring further studies. 
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Fig. 9. — The stellar-mass-to-light ratio as a func- 
tion of the blue-band magnitude resulting from 
combining eq. [TH] and [T3] with Tab. [3J Each dot- 
ted line represents one individual galaxy evolution 
model and the solid line shows the mean value re- 
lation. Note that the increase of M*/Lb with Mb 
is not a result of the IGIMF effect but occurs as a 
result of using the empirica l relation (eq. | 16|) in th e 
constant-IMF modelling of lBell fc de Jontd (|200ll ). 



This 2-column preprint was prepared with the AAS IATfrjX 
macros v5.2. 
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Fig. 10. — The stellar mass buildup time scale in 
units of the Hubble time, = 13.7 Gyr, in depen- 
dence of the total stellar mass derived from the 
blue luminosity for a constant galaxy-wide IMF. 
Note that the buildup times for dwarf star form- 
ing galaxies are longer than the ones for large disk 
galaxies. This implies that the SFRs of dwarf 
galaxies must have decreased faster over cosmic 
time than the SFRs of large disk galaxies. This is 
in contradiction to the finding of downsizing ac- 
cording to which the SFRs of large disk galaxies 
must have decreased faster over cosmic time than 
the SFRs of dwarf galaxies. The symbols are the 
same as in Fig. [2j 
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Fig. 11. — The same as Fig. [TU]but for the stan- 
dard IGIMF. Note that the stellar mass build-up 
times, which result from SFR calculations in the 
IGIMF context, decrease with decreasing galaxy 
mass. This suggest that the SFR may have been 
increasing slighly with time for dwarf galaxies 
or that they were forming stars over a more re- 
cent epoch while for massive disk galaxies the 
SFHs may be constant, which is in agreement with 
downsizing. The symbols are the same as in Fig. O 
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Fig. 12. — The same as Fig. [II] but for the min- 
imum IGIMF. The symbols are the same as in 
Fig. El 
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